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The European Commission has been actively involved in the development of the World-wide harmonized
Light duty Test Cycle (WLTC) and corresponding Test Procedure (WLTP), and is currently working to
introduce them in the European type approval (TA) procedure. The present study analyzes and estimates
the effects of the introduction of WLTP on the average CO2 emissions and average vehicle energy
demands (VEDs) from different segments of the European vehicle market. Twenty gasoline and eleven
diesel vehicles were tested on the current European TA procedure NEDC, and on the evolving WLTP.
These WLTP tests were then used as base line to estimate for each vehicle a WLTP best case and a
WLTP worst case scenario, in line with the finalized version of the WLTP. In the WLTP worst case scenario
(WLTP-H) results showed CO2 emissions and energy demands to be on average 11% and 44% higher than
NEDC, respectively. Best case scenario (WLTP-L) has on average 1% higher CO2 emissions and 26% higher
energy requirements than the NEDC. These values should be considered on top of the 8% average differ-
ence between the JRC NEDC test results and the official type approval values. The higher vehicle inertia
and road loads (RLs) along with the higher vehicle speeds, are the key parameters of the new procedure
that contribute to the increased CO2 emissions and vehicle energy demand (VED). Results from the pre-
sent study show that moving from NEDC to WLTP have a stronger impact on diesel than on gasoline vehi-
cles. The highest effect of WLTP introduction is measured for vehicles that comply with EURO 6 emission
standard (14% increase in CO2 emissions from NEDC to the simulated worst case WLTP), with also the
largest difference between JRC measured NEDC tests and declared type approval values (11% difference).
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In 2009 TheWorld Forum for the Harmonization of Vehicle Reg-
ulations (WP.29) of the United Nations Economic Commission for
Europe (UNECE), through its working party on pollution and
energy (GRPE), launched a project with the aim to develop a world-
wide harmonized light duty test cycle (WLTC) and test procedure
(WLTP). After six years of development, the formal text for the firstphase version (‘‘phase 1”) of the light-duty vehicle Global Technical
Regulation (GTR) was submitted for approval in November 2015
[1].
The European Commission was actively involved in the devel-
opment of the World-wide harmonized Light duty Test Cycle
(WLTC) and corresponding Test Procedure (WLTP), and is currently
working to support their introduction in the European type
approval (TA) procedure. Europe is aiming to have the WLTP in
the type-approval process already in 2017. One of the main reasons
for the European Commission to develop a new type approval
procedure was the need to control and reverse the increasing gap
Nomenclature
LDV light-duty vehicles
TA type approval procedure
NEDC New European Driving Cycle
UDC urban driving cycle of NEDC
EUDC extra-urban driving cycle of NEDC
WLTC World-wide harmonized Light duty Test Cycle
Low low speed phase of WLTC
Medium medium speed phase of WLTC
High high speed phase of WLTC
Ex-High extra-high speed phase of WLTC
Total total NEDC or WLTP cycle
WLTP World-wide harmonized Light duty Test Procedure
TM test mass (kg)
TMH test mass high for WLTP-H (kg)
TML test mass low for WLTP-L (kg)
RL road load (N)
RLH road load high for WLTP-H (N)
RLL road load low for WLTP-L (N)
WLTP-H WLTP high under TMH and RLH
WLTP-L WLTP low under TML and RLL
VED vehicle energy demand (kW h/100 km)
PMR power to mass ratio (W/kg)
MRO mass in running order (kg)
OM mass of optional equipment (kg)
MVL maximum vehicle load (kg)
LM technically permissible maximum laden mass (kg)
u 15% for M1 and 28% for N1 vehicles
F0, F1, F2 road load coefficients (N, N/km/h, N/(km/h)2)
DTT difference in tire tread (mm)
FTT force change due to DTT (N)
DCRR difference in tire rolling resistance
FCRR force change due to DCRRðNÞ
DCdA difference in air-drag (m2)
D force change due to DCdA (N/(km/h)2)
P power (kW)
v velocity (km/h or m/s)
a acceleration (m/s2)
m mass (kg)
t temperature (C)
kv vehicle specific Willans coefficient (g/kWs)
B parasitic losses (g/s)
Subscripts
a, t, m actual, target, measured
662 J. Pavlovic et al. / Applied Energy 177 (2016) 661–670between type approval and real life CO2 emissions. With this objec-
tive in mind, the WLTP has been developed with a driving profile
obtained from in-use driving data and a test procedure more real-
istic in terms of vehicle mass and resistance to progress. At the
same time the Commission did not intend to modify the provisions
of the CO2 regulations 443/2009 and 510/2011 which are based on
New European Driving Cycle (NEDC). Thus, from September 2017,
new vehicle types will be tested under WLTP (to show more real-
istic CO2 emissions) but will still be monitored under NEDC. The
approach selected by the European Commission to deal with this
issue required the development of a technology-based vehicle sim-
ulation model CO2MPAS, that will simulate the NEDC CO2 emis-
sions from the CO2 emissions measured under the new
procedure [2].
The WLTP will bring a number of testing and procedural
improvements over the current European type approval procedure
(NEDC). Many studies have shown that NEDC does not reflect
actual on-road pollutant emissions and fuel consumptions [3–
10]. Hence, WLTP appears to be a significant improvement over
the NEDC [11–14]. In fact, some provisions of the NEDC that were
wrong have been corrected, some others have been made more
severe, and some new provisions have been added to make WLTP
more robust and representative of real-life emissions and fuel
consumption.
So far a very limited number of experimental results have been
published that evaluated impact of the introduction of WLTP on
gaseous [11,14–21] and particle number emissions [22]. Most of
these studies analyzed the impact of WLTC driving cycle only
and not the whole procedural package, which includes also
increase in vehicle inertia and higher and more realistic resistance
to progress for the vehicles, both having essential influence on CO2
emissions [5,23]. For these initial studies the general conclusion, in
terms of CO2 emissions and fuel consumption, was that NEDC and
WLTP did not result in significant differences. However, the WLTP
results appear to be quite different when compared to NEDC if all
procedural aspects are applied during the testing. The present
work is, to our knowledge, the first that evaluates the global effectsof WLTP introduction (driving cycle and procedure) on the average
CO2 emissions and average vehicle energy demands (VEDs) from
different segments of the European vehicle market.
The results reported here represent the continuation and com-
pletion of a previous work that estimated the effect of WLTP intro-
duction on CO2 emissions and regulated pollutants based on then
still developing WLTP [11]. Several gasoline and diesel vehicles
were tested at Joint Research Centre (JRC) under the NEDC and
developing WLTP, showing an overall CO2 emission ratio (WLTP/
NEDC) around 1, but with the NEDC measured CO2 values around
8% higher than the respective type approval NEDC CO2 emissions.
In the course of 2015 the WLTP test procedure has been completed
and finalized, and more vehicles have been tested under this final
procedure [1]. In addition to that, the results of the previous vehi-
cles that were tested under the still developing WLTP have been
reprocessed by calculating the increased cycle energy obtained
by applying the latest WLTP procedure and then simulating the
impact of such increased cycle energy on CO2 emissions by means
of a modified Willans line approach. Finally, for 20 gasoline and 11
diesel vehicles three sets of CO2 emission values were obtained,
one relative to the current European TA procedure (NEDC; fully
experimental), and the other two for the best case (WLTP-L) and
worst case (WLTP-H) conditions of the WLTP, obtained from simu-
lations based on WLTP experimental measurements. This study
presents initial forecasts of the potential spread in terms of CO2
emissions and VEDs between the best (WLTP-L) and worst
(WLTP-H) cases of WLTP procedure, which are essential elements
of the new TA procedure. It evaluates the effects of the most impor-
tant procedural differences identified in the two test procedures
(NEDC and WLTP) on CO2 emissions and VEDs and presents the
methods to calculate them. In addition, the studied vehicles are
separated and impact evaluated based on fuel used, transmission,
and emission standards. Therefore, this study bridges the gap
between research and development of the new test procedure for
light duty vehicles (LDVs), practical policy implementation, and
foresees the impact on TA CO2 emissions and VEDs for current
European vehicle fleet and technologies.
1 To be in the same family, the difference in CO2 emissions between vehicles L and
H must not exceed 30gCO2/km.
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2.1. Test vehicles
A fleet of thirty-one vehicles from different manufacturers and
with a wide variety in terms of mass, power, engine displacement
and technology were tested. The idea behind the choice of the
vehicles selected during the period 2010–2015 was to try to cover
as many segments of the European market as possible, in order to
make sure that the WLTP was suitable for all types of European
LDVs. The main characteristics of the tested vehicles can be found
in Table 1.
Twenty of these vehicles were gasoline fueled while the
remaining eleven were diesel fueled. Six vehicles were EURO 6
type approved, three vehicles EURO 4, while all other met EURO
5 standard requirements. Two vehicles (D04 and D03) were of cat-
egories N1 class II and III, respectively, while all other vehicles were
of category M1. The average NEDC inertia mass was 1447 kg, the
average engine capacity 1789 cc, and the average engine maximum
power 106.6 kW.
2.2. Description of the test procedures
The NEDC tests were performed in line with the existing UNECE
Regulation [24]. For most vehicles the manufacturer’s road load
(RL) coefficients were used. In few cases, where these values were
not available, the default coefficients included in Regulation 83
were applied.
The WLTC/WLTP tests carried out at the JRC were aimed at
developing, validating and confirming the new WLTP procedure.
The speed profiles of this new procedure evolved from 2010 (WLTC
ver.2) to 2014 (WLTC 5.3, now called WLTC Class 3b, please refer to
[25] for additional details). Initially, some WLTC tests were per-
formed with NEDC RLs, but the majority of vehicles were tested
following the evolving requirements of the WLTP, in terms of test
temperature, test mass, RL, from the first tentative proposals to the
latest provisions as prescribed in the official, and recently released,
WLTP procedure [1]. For those WLTP tests performed under the
evolving WLTC versions and/or under NEDC RLs, some corrections
were applied and that will be explained in more detail in the next
sections.
2.2.1. Driving cycles
The NEDC cycle includes four urban driving segments (UDC)
characterized by low vehicle speed, low engine load, and low
exhaust gas temperature, followed by one extra-urban driving seg-
ment (EUDC) to account for higher speed driving. The WLTC
assigned to the highest power to mass ratio (PMR) vehicle category
(class 3), which represents the vast majority of European vehicles,
is composed by four speed phases (low, medium, high and
extra-high). The WLTC lasts 1800 s, features a more dynamic speed
profile, a higher mileage than NEDC, and thus the engine cold start
CO2 emissions have a lower impact on the overall fuel economy
compared to NEDC. Details and basic characteristics of both driving
cycles can be found elsewhere [11].
2.2.2. WLTP test masses
The Type Approval procedure for WLTP CO2 certification is
briefly summarized here. First, a vehicle family is identified as
composed of vehicles with identical powertrain configuration
(engine capacity and technology, transmission type and a number
of gears, charging system, number of powered axes etc., please
refer to [1] for more details). For a given vehicle family, the vehicle
with the highest mass (TMH), highest rolling resistance, and worst
aerodynamics will be used for the worst case scenario of CO2emissions (WLTP-H) as well as to determine WLTP road load coef-
ficients for the same scenario (RLH), while the vehicle with the
lowest mass (TML), the lowest rolling resistance and best aerody-
namics will be tested for the best case CO2 emissions (WLTP-L)
and to derive road load coefficients (RLL). Based on both test
results a linear regression for CO2 emissions over cycle energy
(which is calculated from vehicle inertia and RLs) will be deter-
mined.1 This regression line will then be used to determine CO2
emissions of all other vehicles within the respective vehicle family
without TA certification if their cycle energy is between energy high
(TMH and RLH) and energy low (TML and RLL). Therefore, in the pre-
sent study, CO2 emissions from each vehicle were measured or sim-
ulated under both WLTP test masses (TMH and TML) and RL
conditions (RLH and RLL).
The TMH and TML are calculated according to the Annex 4 of
the UNECE GTR20 as:
TMH ¼ MROþ OM þ 25þu MVL ð1Þ
TML ¼ MROþ 25þu MVL ð2Þ
where MRO is Mass in Running Order, OM is mass of optional
equipment, MVL is maximum vehicle load and is equal to LM –
MRO – OM – 25, where LM is the technically permissible maximum
laden mass. u is the percentage of the vehicle load included in the
definition of the test mass, which is equal to 15% for M1 category
(passenger cars) and to 28% for N1 category vehicles (light commer-
cial vehicles).
2.2.3. WLTP road loads
WLTP Road Load Coefficients (F0, F1, and F2) were estimated
based on the existing NEDC RL coefficients (provided by vehicle
manufacturers or default values from UNECE Regulation 83) and
procedural differences between NEDC and WLTP, in particular
due to more stringent WLTP test requirements.
Typically, F0 is associated with inertia and rolling resistance and
F2 with air-drag and changes in vehicle aerodynamics. An increase
in the WLTP test mass compared to the NEDC one resulted in a
proportional increase in the F0 value. Moreover, during NEDC RL
determination minimum prescribed tire tread is 50%, while for
the WLTP it has to be not lower than 80% (2 mm more). The final
effect on rolling resistance force per mm of tire tread is estimated
to be 0.01% of the vehicle mass. The adopted relationship between
the delta in tire tread (DTT) and rolling resistance force due to that
change FTT (N) is:
FTTðNÞ ¼ DTTðmmÞ  0:0001MROðkgÞ  9:81 m=s2 ð3Þ
In addition, for the NEDC RL determination it has been assumed
that the vehicles were equipped with the tires with lowest rolling
resistance. In the present study for the WLTP-L (TML and RLL) it
has been assumed no changes in tires from NEDC to WLTP. For
the WLTP-H (TMH and RLH), the difference in rolling resistance
coefficient of tires (DCRR) and its effect on F0 value were taken in
consideration. It was assumed that for each vehicle tires with three
different rolling resistance classes can be used and therefore, DCRR
was fixed at 0.0029 (value calculated fromWLTP). The relationship
between the DCRR and rolling resistance force due to that change
FCRR (N) is:
FCRRðNÞ ¼ DCRR  TMHðkgÞ  9:81 m=s2 ð4Þ
Another factor considered in the procedural change between
NEDC and WLTP is the vehicle aerodynamics. For NEDC type
approval tests, vehicles with the best aerodynamic properties
within the same family are used for RL determination. The same
Table 1
Characteristics of the gasoline and diesel vehicles tested.
Fuel Vehicle Emission class Engine displacement (cc) Power output (kw) Ia/Ab/Tc Inertia class (kg)
Gasoline G1 EURO 5A 1600 75–100 DI/T/MT 1360
G2 EURO 5A 2000 100–150 DI/T/AT 1810
G3 EURO 5 900 50–75 DI/T/MT 1020
G4 EURO 5 1500 75–100 PFI/NA/MT 1250
G5 EURO 5B 4600 >200 DI/NA/AT 2040
G6 EURO 6 2000 150–200 DI/T/AT 1700
G7 EURO 5A 1600 75–100 DI/T/AT 1360
G8 EURO 5A 1600 100–150 PFI/NA/MT 1470
G9 EURO 5A 1200 50–75 PFI/NA/AT 1130
G10 EURO 5A 1600 75–100 PFI/NA/MT 1250
G11 EURO 5A 1200 50–75 DI/T/AT 1020
G12 EURO 5A 1200 50–75 DI/T/MT 1020
G13 EURO 5A 1600 100–150 DI/T/MT 1470
G14 EURO 5B 1400 100–150 DI/T/AT 1250
G15 EURO 5 2500 150–200 DI/T/AT 1590
G16 EURO 5 1800 100–150 DI/T/MT 1470
G17 EURO 6 900 50–75 DI/T/MT 1020
G18 EURO 6 1400 50–75 DI/T/MT 1130
G19 EURO 5 2000 100–150 DI/T/MT 1360
G20 EURO 6 1400 100–150 DI/T/MT 1360
Diesel D1 EURO 5A 2000 100–150 DI/T/MT 1470
D2 EURO 5A 2000 100–150 DI/T/AT 1470
D3 EURO 4 2200 100–150 DI/T/MT 1930
D4 EURO 4 2200 50–75 DI/T/MT 1810
D5 EURO 5 1250 50–75 DI/T/MT 1250
D6 EURO 6 3000 100–150 DI/T/AT 2270
D7 EURO 4B 2500 75–100 DI/T/MT 2150
D8 EURO 5 1500 50–75 DI/T/MT 1250
D9 EURO5 A 1500 50–75 DI/T/MT 1130
D10 EURO 6 2200 100–150 DI/T/MT 1360
D11 EURO 5A 2000 75–100 DI/T/MT 1700
a I = Injection: DI = Direct Injection; PFI = Port Fuel Injection.
b A = Air Aspiration: T = Turbo; NA = Naturally Aspirated.
c T = Transmission: AT = Automatic Transmission; MT = Manual Transmission.
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and RRH) it has been assumed a difference in air-drag (DCdA) of
approximately 3% of the vehicle frontal area compared to the best
case vehicle. The relationship between DCdA and drag force D
(N= kmh
 2
) is:
D N
km
h
 2, !
¼ 1
2
DCdA q 1
12:96
ð5Þ
where q is density of the air (kg/m3).
In addition to the above modifications, a further procedural
change (applied in the present study), a 3% increase in WLTP F0,
F1, and F2 coefficients relative to NEDC RLs, was assumed due to
the fact that in WLTP rotational inertia effect (in particular from
wheels and tires) is not neglected as it was in NEDC procedure
[26]. The rotating inertia during the road load and the chassis
dynamometer test is to be determined by weighing the wheels
and tires or estimated to be 3% of the sum of the vehicle mass in
running order and 25 kg [1].
Taking all discussed effects together, the final equations used in
the present study to estimate WLTP RL coefficients are:
Best Case Scenario (WLTP-L; TML; RLL):
FRLL0 ¼ ððFNEDC0 þ FTTÞ  1:03Þ  TML=TMNEDC ð6Þ
FRLL1 ¼ FNEDC1  1:03 ð7Þ
FRLL2 ¼ FNEDC2  1:03 ð8ÞWorst Case Scenario (WLTP-H; TMH; RLH):
FRLH0 ¼ ððFNEDC0 þ FTTÞ  1:03Þ  TMH=TMNEDC þ FCRR ð9Þ
FRLH1 ¼ FNEDC1  1:03 ð10Þ
FRLH2 ¼ ðFNEDC2  1:03Þ þ D ð11Þ
In order to make these calculations easier to understand the
whole procedure is applied on two sample vehicles (one average
diesel and one average gasoline vehicle). The detailed steps can
be found in the Supplemental Material (Section 1).2.3. Instrumentation
The tests were carried out in the Vehicle Emission Laboratory
(VELA) of the JRC. All vehicles were tested over the cold start cycle
conditions according to the legislative procedures for type
approval, including vehicle preconditioning and soak time. The cell
temperature for all tests was between 22 C and 25 C. CO2 emis-
sions from LDVs were measured using a chassis dynamometer
and a conventional constant volume sampling (CVS) system with
a critical flow venturi. The CVS was equipped with four critical
orifices that allow the selection of the most appropriate flow rate.
The roller bench of the chassis dynamometer was a 4800 dual axis
roller type. To follow the legislative cycle, the driver was assisted
by a driver aid system. The CO2 emissions were measured with a
nondispersive infrared (NDIR) analyzer using the bags as pre-
scribed by the legislation.
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As mentioned earlier, before proceeding with the estimation of
the cycle energy demands and related CO2 emissions for the best
and worst case WLTP, the experimental test results obtained from
vehicles tested under the developing WLTP were first corrected by
applying a normalization procedure involving: (1) power at wheel;
(2) total distance; and (3) initial temperature.2.4.1. Power at wheel correction
This correction has been applied for the vehicles that had actual
power at the wheels (delivered during the test) different from the
target power. As already mentioned, a modified Willans line
approach has been used for normalization. The ‘‘true” engine Wil-
lans line represents the relationship between fuel energy input and
engine output while the engine speed is held constant [27]. In the
present study, the engine power has been replaced by the power at
wheels, and a relationship was set between CO2 emissions and
power at wheels. This ‘‘vehicle Willans line” can be used to correct
all parameters leading to deviations of the work at wheels (speed,
road load settings, and inertia), but cannot be mixed with engine
Willans coefficient, since losses in the transmission system are
not measured and each WLTP phase has different average engine
speeds.
Power at wheels is composed by two elements: one obtained
from the acceleration multiplied by mass and speed; the other
coming from the product of the resistance force and the speed.
To correct the first term it is necessary to compare the target speed
profile (and acceleration) and mass (Section 2.2.2.) versus the
actual one(s), while for the second term target speed and target
RLs (Section 2.2.3) were compared to actual one(s). More details
for these corrections can be found elsewhere [26].
The actual P(a) and target P(t) wheel power are thus calculated
using the following formulas:
PðaÞ ¼ ðF0ðaÞ þ F1ðaÞ  v ðaÞ þ F2ðaÞ  v2ðaÞ þmðaÞ  aðaÞÞ  v ðaÞ ð12Þ
PðtÞ ¼ ðF0ðtÞ þ F1ðtÞ  v ðtÞ þ F2ðtÞ  v2ðtÞ þmðtÞ  aðtÞÞ  v ðtÞ ð13Þ
where F0ðaÞ; F1ðaÞ; F2ðaÞ are the applied/actual road load coefficients
and F0ðtÞ; F1ðtÞ; F2ðtÞ are the target road load coefficients calculated
as described in Section 2.2.3. Subsequently, v ðaÞ; aðaÞ;mðaÞ represent
velocity, acceleration and mass measured during the test and
v ðtÞ; aðtÞ;mðtÞ are the target values. Only positive wheel power (or
power above ‘‘POVERRUN”) is averaged.
In the next step measured CO2 bag results are correlated to the
actual/measured power at the wheel for each phase of the test. The
vehicle Willans equation from that correlation gives the CO2 flow
as function of the actual power at the wheel:
CO2
g
s
 
¼ kv  PðaÞ þ B ð14Þ
where kv is the vehicle specific Willans coefficient (g/kWs) and B is
the constant representing parasitic losses or CO2 emissions at zero
power at the wheels. The vehicle Willans coefficient from this equa-
tion can correct parameters leading to deviations of the work at
wheel, such as mass, speed, and road load deviations.
The most stable approach, applied also in the present study, is
to use bag CO2 data (4 WLTP phases) and to correlate them to
the average power at wheel in each corresponding phase. A less
accurate approach would be to use instantaneous CO2 test data
and derive the Willans equation by correlating them with the
instantaneous calculated power at wheel. This method is less
stable due to unavoidable delay (residence time) in the CO2 sample
line. Therefore, this study focused and reports only total and phase
specific results and not time-resolved.2.4.2. Total distance correction
In addition, by braking more or less aggressive than the target
decelerations, the distance can be different from the target dis-
tance (23.27 km for WLTP). That change does not have the effect
on total WLTP fuel consumption and CO2 emitted (in liters and g,
respectively) since in these phases the engine is most of the time
in POVERRUN and at fuel consumption equal to zero. Still, the CO2
result (g/km) calculated after the correction for deviations against
the positive power (target road load and speed correction) corre-
sponds only to the actual distance travelled and has to be divided
by the target value (km):
CO2ðdÞ
g
km
 
¼ CO2ðPcorrÞ gkm
 
 dmðkmÞ
dtðkmÞ ð15Þ
where CO2ðPcorrÞ is the CO2 result corrected for deviations against
the target speed and road load, dm is the distance measured during
the test, and dt is the target distance. Therefore, the final result
(CO2ðdÞ) is without the offset from different brake behaviour of the
driver.
2.4.3. Temperature correction
For a given driving cycle the effect of cold start in terms of fuel
consumption and CO2 emissions depends on the starting tempera-
ture of the engine and the exhaust system [28,29]. A lower temper-
ature at the start results in higher fuel consumption and
subsequently higher CO2 emission [30–33]. Recently published
study [26] quantified the effect of temperature at start of the test
on CO2 emission level. Approximately 0.18% impact on CO2 con-
centration is measured for 1 C deviation against the target tem-
perature. Therefore, a linear equation for small temperature
offsets is suggested:
DCO2ð%Þ ¼ 0:18%  ðttðCÞ  tmðCÞÞ ð16Þ
where tt and tm are target and measured temperatures respectively
and 0.18% is the average measured coefficient for soak temperature
correction (0.18% change/C). For the current study NEDC tests were
normalized to 25 C and WLTP tests to 23 C target temperature.
3. Results and discussion
Results presented in this section represent the outcome of sim-
ulations applied to the conditions described in Sections 2.2.2 and
2.2.3. based on corrected experimental test results as outlined in
Section 2.4. For each vehicle this resulted in three sets of values:
WLTP-H (worst case scenario), WLTP-L (best case scenario), and
NEDC, that will be analyzed in more details in the following sub-
sections.
3.1. CO2 emissions and energy demands – all vehicles tested
The selection of cars tested in this campaign provided a wide
range of type approval CO2 emissions, going from 90 g/km to
275 g/km. The CO2 emissions measured in VELA at JRC over the
NEDC were, on average, 8% higher than the respective type
approval values (1.08 ± 0.07), which is in agreement with a previ-
ous study [11]. Note that, from now on the notation (l ± r) will
be used for all the results coming from the experimental campaign,
where l is the mean of the sample and r the standard deviation.
On the basis of all the results collected (31 vehicle), the average
ratio between the estimated worst case WLTP-H and measured
NEDC CO2 emissions was 1.11 ± 0.06 and between the estimated
best case WLTP-L and NEDC CO2 emissions 1.01 ± 0.05. Recently
published studies reported WLTC/NEDC CO2 ratio between 0.92
and 0.99 when vehicles have been tested under different cycles,
but with the same inertia and RLs [17,19,21]. The more transient
Fig. 1. CO2 emissions (A) and VED (B) over the WLTP-H, WLTP-L, and NEDC for all
vehicles tested. VEDs are shown as average, maximum, and minimum values. Labels
‘‘Low”; ‘‘Medium”; ‘‘High”; and ‘‘Ex-High”; represent Low, Medium, High, and
Extra-High speed phases of the WLTC. ‘‘UDC” and ‘‘EUDC” are the speed phases of
NEDC. ‘‘Total” refers to the total WLTC or NEDC cycle.
666 J. Pavlovic et al. / Applied Energy 177 (2016) 661–670and energy demanding, WLTC (i.e. the driving cycle alone) resulted
in lower CO2 emissions than NEDC. As it can be seen from the pre-
sent study, the increase in WLTP CO2 emissions appears to be due
to the increased inertia and RLs of WLTP-H and WLTP-L conditions
resulting from a more stringent and less flexible WLTP test
procedure
Fig. 1A shows the CO2 emissions as a function of vehicle mass
measured under the different cycles. As it can be seen WLTP-H/
NEDC ratio increases with vehicle mass, while WLTP-L/NEDC ratio
stays almost constant and independent of vehicle mass. The aver-
age NEDC CO2 emissions of all tested vehicles amount to
160 ± 46 g/km (average inertia = 1447 ± 338 kg), the average
WLTP-L CO2 emissions were 161 ± 47 g/km (average iner-
tia = 1527 ± 414 kg), and the average WLTP-H CO2 emissions
176 ± 51 g/km (average inertia = 1647 ± 444 kg). The tested vehi-
cles thereby exceed the current fleet-average performance require-
ments of Regulation EC 443/2009 [34] by about 15% (NEDC and
WLTP-L) and 27% (WLTP-H). It should be noted that present anal-
ysis includes only conventional vehicles (diesel and gasoline) and
not hybrid, electric, and other low emitting vehicles that also have
a share in the EU market. Also, the market share of engine tech-
nologies differs from the gasoline-to-diesel vehicle ratio of the
JRC experimental campaign. In fact, diesel vehicles dominate
(53% of the sales in EU) over the gasoline vehicles (43% of the sales
in EU) [35]. In the present study 64% of the analyzed vehicles were
gasoline and only 36% diesel, which can result in a different global
picture and a higher average CO2 emission, since a gasoline vehicle,
with the same mass as a diesel vehicle, emit more CO2 and haveworse fuel economy. Therefore, the present numbers for CO2 emis-
sions (NEDC and WLTP) should not be taken as absolute and/or
final. They should be regarded as an initial indication of the trends
and possible future differences between the WLTP and NEDC CO2
emissions. Although only preliminary, CO2 results estimated under
WLTP-H in the present study are in agreement with CO2MPAS
model predictions related to WTLP CO2 emissions and a 5–20 g/
km increase foreseen by the model depending on the specific vehi-
cle [12]
Fig. 1B shows the average vehicle energy demands (VEDs)
needed for vehicles to follow the cycles under the required inertia
and RLs, expressed in kW h/100 km. It can be seen, that there are
significantly higher VEDs under the WLTP-H (16.8 ± 4.8
kW h/100 km), and WLTP-L (14.8 ± 4.2 kW h/100 km) compared
to the NEDC VEDs (11.7 ± 3.2 kW h/100 km). The average 44%
(WLTP-H) and 26% (WLTP-L) increase in VED observed translates
to only 11% (WLTP-H) and 1% (WLTP-L) increase in CO2 emissions.
These results confirm the higher efficiency of the engine while per-
forming the WLTC compared to the same engine performing the
NEDC and also the lower impact of the cold-start emissions in
WLTP compared to NEDC.
3.2. CO2 emissions and energy demands – gasoline vehicles
Fig. 2A and B show the CO2 emissions (g/km) and VEDs
(kWh/100 km), respectively, for gasoline vehicles only. The average
NEDC CO2 emissions of the tested gasoline vehicles amount to
155 ± 37 g/km (average inertia = 1354 ± 278 kg), the average
WLTP-L CO2 emissions were 154 ± 32 g/km (average iner-
tia = 1409 ± 279 kg), and WLTP-H CO2 emissions 168 ± 35 g/km
(average inertia = 1519 ± 301 kg). These results translate to an
average WLTP-L/NEDC ratio of 1.00 ± 0.05 and a WLTP-H/NEDC
ratio of 1.09 ± 0.05. Although it seems that there is no difference
in CO2 emissions when vehicles are tested over NEDC and WLTP-
L, some general trends can be found in Fig. 2A. Gasoline vehicles
with test mass below 1200 kg are penalized when moving from
NEDC to WLTP-L. The critical factor for these vehicles is low
power-to-mass ratio (PMR). On the other hand, gasoline vehicles
with higher test mass seem to gain some benefit from the same
transition or become less impacted as in the case of NEDC to
WLTP-H transition. A similar trend was confirmed in some previ-
ous studies [11,13,14].
The average VEDs for gasoline vehicles that followed: the
requirements of NEDC cycle and procedure were
10.9 ± 1.9 kW h/100 km, the WLTP-L were 13.8 ± 4.3 kW h/100 km,
and the WLTP-H were 15.7 ± 2.5 kW h/100 km. Fig. 2C illustrates
two driving cycles in terms of traction energies required at wheels
for one average gasoline vehicle tested (inertia = 1360 kg). For
WLTP about half of the mechanical work output by a car engine
(50% WLTP-H and 48% WLTP-L) goes to replacing the kinetic
energy lost due to rolling resistance of the tires and the air resis-
tance. For NEDC a significantly lower fraction of energy is required
(40%) to overcome these two losses. The vehicle drag has the big-
gest impact on the total traction energy required due to the high
average and maximum velocity and higher aerodynamic RL coeffi-
cient (F2) for WLTP compared to the NEDC.
3.3. CO2 emissions and energy demands – diesel vehicles
CO2 emissions (g/km) and VEDs (kW h/100 km) for diesel vehi-
cles tested in this study are presented in Fig. 3A and B, respectively.
The average NEDC CO2 emissions of these vehicles were 168 ± 61 g/
km (average inertia = 1617 ± 383 kg), the average WLTP-L CO2
emissions 171 ± 66 g/km (average inertia = 1743 ± 535 kg), and
the average WLTP-H CO2 emissions 191 ± 72 g/km (average
inertia ± 1878 ± 571 kg).
Fig. 2. CO2 emissions (A), VEDs (B), and percentage contribution of rolling resistance (RR), drag, and inertia in total required traction energy (C) over theWLTP-H, WLTP-L, and
NEDC for all gasoline vehicles tested. VEDs are shown as average, maximum, and minimum values. Labels ‘‘Low”; ‘‘Medium”; ‘‘High”; and ‘‘Ex-High”; represent Low, Medium,
High, and Extra-High speed phases of the WLTC. ‘‘UDC” and ‘‘EUDC” are the speed phases of NEDC. ‘‘Total” refers to the total WLTC or NEDC cycle.
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ratio increased with vehicle mass. The average WLTP-L/NEDC ratio
was 1.02 ± 0.05 and the average WLTP-H/NEDC ratio 1.13 ± 0.06.
Contrary to what has been found for the gasoline vehicles below
1200 kg, diesel vehicles with mass below 1300 kg seem to gain
small benefit when moving from NEDC to WLTP-L. On the other
hand, diesel vehicles with higher mass might be slightly penalized
from the same transition.
The average VEDs required for diesel vehicles that performed
NEDC cycle were 13.0 ± 4.6 kW h/100 km, WLTP-L 16.5 ± 6.3
kWh/100 km, and 18.9 ± 7.1 kW h/100 km for WLTP-H. That is
19–20% higher than the VEDs required for tested gasoline vehiclesand corresponds to 9% (NEDC), 11% (WLTP-L), and 14% (WLTP-H)
higher CO2 emissions compared to gasoline vehicles. This is mostly
due tohigher average inertia (>250 kg) of testeddiesel vehicles com-
pared to gasoline.
The two driving cycles, in terms of traction energy required at
the wheels for diesel vehicles, are compared in Fig. 3C. Diesel vehi-
cles are characterized with lower contribution of air drag resis-
tance and higher contribution of rolling resistance and inertia in
total energy required compared to gasoline vehicles. The reason
for this again is higher mass of diesel vehicles tested that is in
direct relationship with rolling resistance and vehicle inertia
energy.
Fig. 3. CO2 emissions (A), VEDs (B), and percentage contribution of rolling resistance (RR), drag, and inertia in total required traction energy (C) over theWLTP-H, WLTP-L, and
NEDC for all diesel vehicles tested. VEDs are shown as average, maximum, and minimum values. Labels ‘‘Low”; ‘‘Medium”; ‘‘High”; and ‘‘Ex-High”; represent Low, Medium,
High, and Extra-High speed phases of the WLTC. ‘‘UDC” and ‘‘EUDC” are the speed phases of NEDC. ‘‘Total” refers to the total WLTC or NEDC cycle.
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The NEDC cycle includes four equal urban driving segments
(UDC) characterized by low vehicle speed and low engine load,
followed by one extra-urban driving segment (EUDC) to account
for higher speed driving. The WLTC assigned to the highest PMR
vehicle category (class 3) is composed of four speed phases,
namely: low, medium, high, and extra-high phases, with average
speeds going from 18.9 km/h (low) to 92.0 km/h (extra-high).
Fig. 4 depicts the average contribution of each WLTP and NEDC
phase in total CO2 emission (Fig. 4A) and total VED (Fig. 4B). As
expected, the highest WLTP VED and CO2 emissions were observedduring the extra-high phase as a result of the highest average
speed of that phase. In NEDC the same is true for EUDC.
The contribution of cold start effect emissions over NEDC (UDC
phase) in terms of total energy (UDC kW h/NEDC kW h) is only
about 30%, while in terms of total CO2 emissions (gCO2 UDC/
gCO2 NEDC) this contribution is much higher (47%). On the other
hand, only 11% of total WLTP VED is spent on cold start low speed
phase and that corresponds to 16% of total CO2 emissions. There-
fore, the WLTP cold start CO2 emissions have a much lower impact
on the overall fuel economy compared to the NEDC cold start CO2
emissions, and that is mostly due to the longer WLTC cycle and a
lower share of the cold start effect in total CO2 emissions.
Fig. 4. Percent contribution of CO2 (A) and VED (B) measured over the WLTP and
NEDC phases in total WLTP and NEDC CO2 emissions and VED. Labels ‘‘Low”;
‘‘Medium”; ‘‘High”; and ‘‘Ex-High”; represent Low, Medium, High, and Extra-High
speed phases of the WLTC. ‘‘UDC” and ‘‘EUDC” are the speed phases of NEDC.
Table 2
Summary of WLTP-H, WLTP-L, and NEDC CO2 emissions for all vehicles measured.
Vehicles WLTP-H/NEDC CO2 WLTP-L/NEDC CO2 NEDC/TA NEDC CO2
Average ± s.d. Average ± s.d. Average ± s.d.
All tested 1.11 ± 0.06 1.01 ± 0.05 1.08 ± 0.07
Diesel 1.13 ± 0.06 1.02 ± 0.05 1.07 ± 0.07
Gasoline 1.09 ± 0.05 1.00 ± 0.05 1.08 ± 0.08
Euro 6 1.14 ± 0.04 1.04 ± 0.04 1.11 ± 0.05
Euro 5 1.10 ± 0.06 1.00 ± 0.05 1.08 ± 0.07
Euro 4 1.11 ± 0.04 0.99 ± 0.01 0.98 ± 0.03
Manual 1.11 ± 0.06 1.01 ± 0.05 1.09 ± 0.07
Automatic 1.10 ± 0.06 1.01 ± 0.05 1.06 ± 0.08
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The key elements that have critical impact on increase in WLTP
CO2 emissions and VEDs are: the higher vehicle test mass (inertia),
higher and more realistic RLs, higher average and maximum vehi-
cle speeds, and the lower engine temperature at the test start. As it
can be seen when comparing the NEDC and WLTP-L all these ele-
ments, that are increasing CO2 emissions, are neutralized by the
longer duration of the WLTC test cycle and higher efficiency of
the engine during the WLTC. They are acting in the opposite direc-
tions and resulting in lower CO2 emissions. Therefore, about 11%
higher CO2 emissions estimated from the worst case WLTP-H are
the result of further increase in test mass and RLs, since all other
elements were kept constant.
In addition, about 44% more energy (VED) is needed for WLTP-H
and about 26% more energy for the WLTP-L conditions. These
results, again, underline the importance of higher vehicle inertia
and higher RLs, given that those are the only elements that are dif-
ferent when comparing WLTP-H and WLTP-L conditions, and their
increase contribute to about 10% difference in CO2 emissions and
about 18% difference in VEDs. When the difference in CO2 emis-
sions is expressed in g/km, the new procedure would result in an
average increase of around 16 g/km for the WLTP-H and almost
no increase (average < 1 g/km) for the WLTP-L scenario.
In Table 2 average ratios between WLTP and NEDC are sepa-
rated by fuel used, transmission present in the vehicle, and emis-
sion standards. As already discussed, the new test procedure
affects diesel vehicles more than gasoline. The new WLTP gearshift
strategy, required for vehicles with manual transmission, results in
the same impact on CO2 emissions as seen for vehicles with
automatic transmission. A stronger effect of WLTP introduction
on CO2 emissions was observed for EURO 6 compliant vehicles
(4% higher) compared to EURO 4 and EURO 5. Moreover, an
increasing trend in discrepancies between measured NEDC and
respective type approval values was found. While EURO 4 vehicles
had even slightly lower measured NEDC values compared todeclared, discrepancy for EURO 5 vehicles was 8%, and for EURO
6 vehicles even higher (11%).4. Conclusions
The European Commission is willing to introduce the World-
wide harmonized Light duty Test Procedure (WLTP) in the type-
approval of light duty vehicles as of 2017. There is indeed sufficient
evidence showing that the current procedure (the NEDC) is not
representative for assessing either compliance to pollutant emis-
sion limits, or the vehicles fuel economy. Concerning this latter
aspect, several studies have reported a significant and increasing
gap between type-approval and in-use fuel consumption, clearly
showing the learning process by OEMs in exploiting the flexibilities
offered by the NEDC procedure. As a result, CO2 emission targets
set-up by EU Regulations 443/2009 and 510/2011 are mainly
achieved at type-approval and only marginally on the road.
For this reason detailed experimental investigation of the differ-
ences between NEDC and WLTP related CO2 emissions and vehicle
energy demands have been carried out and presented in this paper.
Twenty gasoline and eleven diesel vehicles were tested on the
NEDC and on the evolving WLTP. These WLTP tests were then used
as basis to estimate for each vehicle a WLTP best case and a WLTP
worst case, in line with the finalized version of theWLTP, by means
of a modified Willans line approach.
Results showed that the WLTP worst-case scenario (WLTP-H)
produces on average 11% higher CO2 emissions and 44% higher
energy demands than NEDC. Best-case scenario (WLTP-L) has only
1% higher CO2 emissions and 26% higher energy requirements than
the NEDC. These results show that beyond the new cycle, the actual
improvement introduced by the WLTP comes with the provisions
to type-approve vehicle configurations much closer to the real
vehicles than those used by the NEDC (this being reflected in
higher masses and road-loads). The above results should be seen
as additive to the 8% difference between the JRC NEDC test results
and the official type approval values (and connected to the flexibil-
ities allowed by the current test procedure). This means that, on
average and assuming that the WLTP test procedure will be less
prone to exploitation by OEMs, WLTP-based CO2 figures will be
around 15% higher than the current type approval values, poten-
tially halving the current gap between type-approval and in-use
fuel consumption. In addition, if we consider that for newer
vehicles, the difference between WLTP and type-approval CO2
emissions tends to increase (an average of around 20% increase
for Euro 6 vehicles), it seems reasonable to expect that the gap
between type-approval and in-use consumption will not be
increasing at the same rate as today (being therefore mainly con-
nected to the real differences between the lab and the real life such
as driving style, weather conditions, use of on-board devices etc.).
Given the delicate political atmosphere surrounding the automo-
tive industry, these results appear very important in the light of
670 J. Pavlovic et al. / Applied Energy 177 (2016) 661–670strengthening the credibility of the overall strategy put in place by
the European Commission to reduce the carbon footprint of the
road transportation sector.Disclaimer
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